The first example concerns the design of a haptic interface for musical keyboards. The presented system aim at reproducing the behavior of a traditional piano to give high quality feedback to a musician using a numerical keyboard. The system is then capable of precise force feedback controlled in real time for fast actuation. The second illustrating example is a novel Human Machine Interface for automotive cockpits. The behavior of the system is given by prerecorded behaviors. The system should be user friendly, easy to use, stable and compact while generating moderate torque. Both systems use the novel actuation principle, in a linear configuration for the first one and in a rotational configuration for the second.
Magneto-rheological (MR) Fluids Behaviour
"Rheological fluids" are liquids with viscosity properties that can be modified by an external stimulus. This stimulus can be a magnetic or electric field. In both cases, the external field acts on the micron sized particles in suspension into the carrier fluid. These particles form chains along the magnetic or electric flux lines thereby the apparent viscosity of the fluid increases as the external field intensity increases. The rheological modification can be exploited to dissipate the mechanical energy applied by the user. This semi-active behavior makes these fluids particularly interesting for real-time controlled systems because of their intrinsic stability. We can cite two different technologies, magneto-rheological (MR) and electro-rheological (ER) fluids according to the external field nature. Their properties are similar but their integration on a controlled user friendly system is different. MR fluids use low voltage (~10V) and current up to 2A input whereas ER fluids use high voltage (~2kV) which limit the application, and low current (~10mA). The electrical power consumption is then more or less equivalent. Magnetic field generation needs coils and ferromagnetic parts which makes the MR-fluid-based systems more bulky than ER-based systems. The resistant force available is a function of the yield stress under the maximum field intensity (given by saturation for magnetic field and by dielectric insulation for electric field). This maximum yield stress is of about 100 kPa for MR-fluids and 5 kPa for ER-fluids. The maximum resistant force is then 20 times higher for a MR-based system at equal active surface. The table 1.1 shows a comparison of typical values for both fluids. Low voltage and higher yield stress make MR-fluids better for mass-market applications and for interfaces which are in direct contact with the operator.
Working Principle
Magneto-rheological fluids are suspensions of ferrous particles of a few microns size (typically 1 to 10 /xm) in a carrying fluid such as water or oil (synthetic or mineral oil). In the absence of a magnetic field, the fluid Table 1 . Typical values for MR and ER fluids [Carlson et al., 1996] behaves like a Newtonian 1 fluid. It's viscosity depends on that of the carrying fluid and on the concentration of particles. Usually the particles represent 80 to 85% of the fluid weight which corresponds to 20 to 40 % of the volume if the carrying fluid is a mineral oil. MR-fluids can achieve shear stress of 100 kPa under a magnetic field of 200 kA/m. In the presence of a magnetic field, the particles align themselves and form chains along the magnetic flux lines. These cohesive chains resist to the fluid flow. The amplitude of the magnetic field controls the apparent viscosity. According to [LORD, Dec. 1999] , the Bingham rheological model -Eq (1.1) -is used to describe the fluid behavior under direct shear.
(1) where the operator is defined by (2) In (1), is the shear stress, the shear strain, the fluid viscosity, and a magnetic field dependent yield stress. Figure 1 shows the theoretical behavior of MR-fluids under direct shear. If the magnetic field is controlled as a function of the shear rate, we obtain a group of operating points. The apparent viscosity of the fluid can then be controlled. The particles organization under a magnetic field follow five steps (see figure 2):
• when there is no magnetic field, the particles are distributed homogeneously in the carrier fluid • a magnetic field produces a local magnetization of the ferrous particles ' A Newtonian fluid is characterized by a shear stress linearly dependent from the shear strain rate • the ferrous particles act as magnetic dipoles that attract themselves • under these attracting forces the particles form chains along the magnetic flux lines • if the magnetic field is canceled, the thermal agitation brakes the chains and disperse the particles Since the magnetic field can only increase the apparent viscosity, systems based on MR fluids are intrinsically dissipative. The induced stability makes them appealing for usage in haptic interfaces.
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Operating Modes
Two basic operational modes have been reported for MR fluids: the "valve mode" and the "direct shear mode" [Jolly et al., 1999] . Valve mode (see figure 3 ) is driven by a pressure drop between two cavities which creates a fluid flow pass an active zone. A magnetic field applied across the active zone increases the apparent viscosity of the fluid into the active zone thereby increasing the pressure difference. Active dampers usually operate in the valve mode in order to develop high stiffness and damping. The potential drawback of systems based on this mode of operation is the high level of frictional forces induced by the piston configuration, even in the absence of magnetic field. In the direct shear mode(see figure 4), the fluid is sheared by the relative motion between the magnetic poles, as in rotating machines such as brakes or clutches that do not need to produce large forces [Ahmadian,2002] . [Reed and Book, 2004] The relative motion of magnetic poles shears the particle chains which mechanical resistance is a function of the magnetic field, the shear stress increases as the magnetic field increases. In most cases, the rotor is magnetic. However, the drawback of this operational mode is a large inertia of the moving parts. In order to lower the inertia, we introduce a novelty to the latter mode [Lozada et al., 2007] . Poles are held fixed and the gap between them is filled with MR fluid. A thin plate moving within the gap shears the fluid (see figure 5 ). This operating mode is used on both applications presented further. The haptic interface for musical keyboards uses it in a linear way and the MR-drive uses it in a rotational configuration (see figure 20) .
www.intechopen.com Usually in rotating machines under operating conditions, the relative velocity is usually high and the shear stress exceeds the yield stress: the behavior below the threshold can be neglected (see eq. (1)). In the application of a haptic interface, the velocity of the moving device of the interface changes continuously, the dynamics of the system is controlled in real-time by means of the control parameter H . Since a permanent regime is seldom reached, the behavior below the yield stress must be considered. The function fluid behavior when sheared by a thin magnetic plate has been characterized by the experimental procedure described below. The device represented in Fig. 6 is composed of two magnetic poles ( 1 ) , two coils ( 2 ) , a plate support ( 3 ) , a fluid container supporting also the poles and the coils ( 4 ) , a frame ( 5 ) , and a force/torque sensor ( 6 ) . The M R fluid fills the gap between the magnetic poles in which a 0.15 mm thick plate made of magnetic material moves linearly, shearing the fluid. Electrical current in coils induce a controlled magnetic field across the gap. The plate support ( Fig. 7.) is made of aluminum, two nuts, and two screws. The plate is attached to the nuts by metal pins. Screws control the tensile stress in the plate, thus ensuring flatness. This whole slider is constrained to move linearly by the frame ( 5 ) . to the slider for a given current I in the coils. The motion of the slider is measured by a non-contact displacement sensor (Keyence, LB-72) and gives access to the shear strain. In order to measure the interaction forces between the slider and the M R fluid, the fluid container has been isolated mechanically from the frame and attached to a strain gauge 6-axis force sensor (ATI mini 40). This sensor (6) is placed between the fluid container (4) and the supporting frame (5) so that reaction forces and torques are fully transmitted to the supporting frame through the force/torque sensor (Fig. 6) . The system guiding the slider is part of the frame which ensures that the corresponding friction is not applied to the force sensor. A careful calibration yields the relationships that transform the measurements of the sensor into the force F s exerted by the slider on the M R fluid. In this experiment, the fluid is sheared on each side of the plate, each facing a magnetic pole. The device has been designed so that the gaps and the shear areas associated to the north and the south pole are the same. It follows that the shear strain and shear stress are identical on each side of the plate. With the gap g = 0.5 mm, the area associated to each pole A = 400 mm 2 , and £ the displacement of the plate. The curves of figure 1.8 indicates two different regimes:
• the Bingham behavior is observed above a certain level of the force F s with the same linear relationship between the increase in force and the increase in velocity, as described by (1), • the transition regime where the force increases from 0 to the force threshold.
In the Bingham regime, the yield force increases with the magnetic field. Since the reluctance of the magnetic circuit is not altered by the motion of the slider, the magnetic field H is assumed to be proportional to the value I of the current. This relationship has not been quantitatively measured. The Bingham regime is analyzed in Fig. 9 . the parameters and are obtained by fitting the experimental data points of the Bigham region (here: for a velocity above 0.0136 m/s) to the prediction of Eq. (1). The viscosity is found to be 2.8 Pa.s and the yield stress 12.4 kPa (force threshold 9.92 N). When the applied shear stress is lower than the yield stress ( H ), we have observed that the behavior of the fluid depends also on the shear strain . We propose the following modified rheological model with three state-parameters , , and H :
where the value of and the function depend on the magnetic field H . Since, the carrying fluid is not expected to react significantly to a magnetic field, the viscosity is assumed to be constant but depends on the particle content of the fluid. The transition regime is analyzed in Fig. 10 the plotted force is F t as a function of the displacement of the plate. The force Ft is obtained by subtracting from the measurement of F s with the numerical value of given by the previous optimization. It appears that F t is well fitted by the fllowing expression: (5) with and . A log-log plot (not shown here) confirms the value 1/2 of the exponent. One observes also a transition between the behavior described by Eq. 5 and the force threshold of the Bingham model. At this point, we have not found a physical ground for this analytical expression. We consider that the mechanical behavior of the fluid is given by the expression: (6) with and . Finally, the yield stress is a linear function of the magnetic field in a MR fluid until saturation occurs [LORD, 2005] . In the absence of physical understanding for the rheological behavior below the Bingham threshold, we assume that the parameters and also vary linearly with the magnetic field H:
The proportionality constants are derived numerically from the results of the test described above and by a determination of H based on the analysis of the magnetic circuit. The fluid behavior described above is used to simulate and control the haptic interfaces presented further. The experimental characterization gives also a way to precisely estimate the maximum resistant forces given by the interfaces according to its design.
Haptic Interface for Musical Keyboards
The traditional acoustic piano action mechanism (Fig. 11.) is composed of many different parts of wood, wool felt, leather, metal, and steel-springs. These parts form a multi-degree-of-freedom system that transmits energy from the player to the hammer. In return, the action mechanism generates a specific tactile rendering that is felt by pianists during playing. The haptic feedback is essential for a precise control of timing and loudness [Repp, 1999] . The action mechanisms used in numerical pianos are much simpler but provide a poor haptic feedback. In the last few years, many developments have been carried out by keyboard manufacturers in order to improve the touch feeling of their products. Most of these systems are not actively controlled and are based on simplified models of the dynamical behavior of traditional pianos. According to users, improvements are still required in terms of size, performance and realism of the device. Active systems capable of reproducing the traditional piano dynamics have been addressed by [Gillespie, 1996] [Cadoz et al., 1990] and commercial products [Meisel, Nov. 2003 ]. They are based on simplified models or pre-recorded dynamics that do not satisfactorily match the www.intechopen.com dynamical behavior of the traditional piano key. Moreover, the size of these systems based on electromagnetic actuators is not suitable for an industrial keyboard implementation. The resistant force provided by the traditional piano action mechanism varies from 0.5 N (the minimum force that initiates key motion), to (at fortissimo nuance, according to [D. Parlitz, 1998 ]). Extensive measurements of the kinematics of a grand piano action mechanism [Askenfelt and Jansson, 1990] [Askenfelt and Jansson, 1991] indicate that the duration of the key motion varies from 20 to 250 ms depending on the nuance whereas the key velocity varies from 0.1 m.s -1 to 0.6 m.s -1 . We present here a system aimed at reproducing the dynamical behavior of the piano action. The traditional mechanism is passive and it can generate a opposite force to the finger's motion during the whole duration of the note stroke. Therefore, we have chosen to develop a system controlling a resistant force in real-time, dissipating the mechanical energy given by the pianist by means of a magneto-rheological fluid, sheared by a slider pushed by a simple lever.
Interface Description
The haptic piano interface shown in Fig. 12 . is composed of two main parts: a mechanical structure with various sensors (not shown in figure) and an active system composed of a slider and electromagnetic elements with MR fluid, similar to those described in the previous section. In this prototype, the aluminum key has the same inertia and the same geometry as those of a traditional wooden white key. The pivot between the key and the keybed is ensured by high quality bearings. The contact between the front-end of the key and the keybed is ensured by the same felt pad as in traditional pianos. A connecting rod is pinned between the key and the slider of the active system in order to transform the rotational motion of the key into a translational motion for the slider. The motion of the key is measured by MEMS accelerometers (ADXL 103 and ADXL 321 for two different measurement ranges 0. . . 10 m.s -2 and 0. . . 150 m.s -2 ); this instrumentation would be sufficient for the interface operational usage.
The active system (Fig. 13.) is composed a magnetic circuit (1), moving-parts (2), sealing fixtures (3) encapsulating the MR fluid, and guiding parts (4). The whole system is attached to a fixed frame (5).
Fig.13. View of the active system
The magnetic circuit (Fig. 14.) includes two I "-shape ferromagnetic cores, each of them supporting a 100-turn coil. This circuit is closed by the 1 mm gap containing the MR fluid. The magnetic field across the gap activates the MR fluid. The moving part consists of a slider formed by three brass rods and a 0.15 mm thick iron plate (left part of Fig. 14.) . The slider moves inside the gap between the poles filled by the MR fluid. A central part with a slot (right part of Fig. 14.) is positioned around the poles so that the magnetic poles face each other across the slot. This part seals the vertical openings of the gap. The top and bottom of the gap are sealed by a solid cap on top ((3) in Fig. 13. ) , a tube attached to the bottom of the central part, and a nitrile membrane glued to this tube. The two bottom rods of the slider are screwed together through a hole at the center of the membrane as to pinch it and ensure proofness. This design is an alternative to the usual O-ring joint arrangement which generates more friction. A guiding mechanism, enclosed in the tube attached to the bottom of the central part, is required to maintain the lateral position of the slider at the center of the gap and to avoid contacts between the plate and the poles. With a current of 1 A in the coils, this active system can produce a force of 50 N opposing the motion, nearly independent of the velocity. This force becomes 25 N at the key front end, much higher than the 15 N required by specifications . A further optimization could help reducing size and power consumption.
Mechatronic Model of the Interface
The behavior of the haptic keyboard interface results from mechanical, magnetic, and electrical interactions. Since they are independent up to a certain extent, they are presented separately here: mechanical modeling, electromagnetic behavior, and coupling due to the MR fluid; finally, a box-diagram presents synthetically how the whole system operates and how its behavior can be computed.
Mechanical modeling
The mechanical model of the interface is based on the following approximations:
• all parts are rigid bodies • friction is negligible in rotational links • the mass and the inertia of the connecting rod are negligible • the angle describing the motion of the key remains very small: .
A schematic view of the interface is presented in Fig. 15 . The points of interest for the model are represented either those subjected to a particular force or centers of rotation, as summarized in Table 2. epresnted. Fig. 15 . Shematic representaion of the interface. Some forces are represented.
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Mechatronic Systems, Applications 200 Table 2 . Geometrical parameters and associated dynamical variables Thee coordinates listed in the second and third columns of Table 2 belong to the reference frame . The axis corresponds to the horizontal. It is now described how constraints on the three solid bodies -key, rod, and slider -reduce the number of mechanical degrees of freedom of the system to one. The key is constrained to rotate with an angle around . The motion of the slider is constrained to be a translation in the directorion by . In other words, the abscissa of the top of the rod or bottom of the slider is kept constant. Let us define as the abscissa of the bottom of the rod; since this point is attached to the key, is also constant within the approximation given by The projection of the rod on is therefore the constant . Finally, the fixed 1ength L of the rod gives as a function of : (8) to the first order in , with intuitive notations.
In normal use, the key is subjected to forces applied by the rod , the user , the contact with the key-bed at the front , and to its own weight. To zero-order in , the angular momentum balance yields: (9) where is inertia momentum of the key in , and its mass. In Eq. (9), the first term is derived from the measurement of , the second term is constant, the force exerted by the keybed at the end of the key motion depends on the www.intechopen.com characteristics of the felt (not studied in this paper), and the last term is given by the following analysis. Since the mass of the rod is neglected, forces on the rod are balanced:
The moments of forces are also balanced and may be derived at any point, for example in D:
where is a geometrical data given by Coupling between the rod and the slider involves some friction due to the guiding system. It is assumed that friction is localized in D and follows the Coulomb model. With the geometrical setting represented in Fig. 15 ., the force exerted by the guiding system on the slider in the direction is derived as follows: (13) (14) (15) where is the friction coefficient of the guiding system. Forces acting on the slider in its direction of motion are:
• the slider weight • the friction force due to the guiding system , • the restoring force due to air compression in the fluid cavity, where is the stiffness of the spring equivalent to the compression of air in the cavity, • the force applied by the rod, equal to according to the dynamics of the rod, • the force exerted by the MR fluid which can be calculated with (6).
Applying Newton's law to the slider yields:
Finally: (17) where is the mass of the slider, the area of sheared flu id, and the width of sheared fluid.
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Electromagnetic modeling
The electromagnetic behavior of the coils and the magnetic circuit determines the magnetic field H in the MR fluid as a function of the voltage V applied to the coils. Electrically, the system behaves as a RL circuit with: (18) (19) where is the number of turns, is the reluctance of the magnetic circuit, , , and are respectively the resistivity, the length, and the diameter of the wire. (20) A cross-section of the magnetic circuit is shown in Fig. 16 . Its reluctance is: (21) where is the reluctance of the solid part of the magnetic circuit (ineluding the slider), and the total width and area of the fluid gap, and the permeability of the MR fluid. With and the magnetic permeabilities of the iron (used in the magnetic circuit) and the moving plate, and the average lengths of the magnetic lines in the iron magnetic circuit and in the slider, and and the cross section areas, the reluctance is given by: (22) www.intechopen.com At this point, it should be noticed that the user does not impose a force or a motion to the interface but follows its own {force-motion} law; consequenty, the choice of and as input and output variables respectively is rather arbitrary. It has been guided by the availability, price, and ease of use of motion sensors rather than force sensors. The system presented in this section exhibits all the required properties for displaying the behavior of a traditional piano, especially the force range and the electrical response time (0.6 ms) The interface model presented above can be used for parameter identification and for the control strategy. Future work will implement a model-based real time control strategy that permits to link the interface to the dynamical model of a virtual piano. The virtual piano will give the needed force in real time and the control strategy should ensure that the force felt by the user corresponds to the desired force. This interface is a linear application of the novel operating mode presented in section 1.2. The system performances are increased in regard to systems described on the literature of linear MR-actuators. The force ratio (controllable over passive forces) is of about 100. By applying this operating mode to a rotational interface, we can observe the same kind of advantages over existing systems as shown in section 1.4.
MR-Drive: A new 1-DOF MR Fluid Based Haptic Interface
GPS navigation, communication, climate and audio systems are widespread functions available in recent cars. The resulting control panels of such systems usually look like an array of controls. Moreover, some "all-in-one" button-based solutions have been developed and despite their ease of use, visual feedback is still necessary to activate the functions, even while driving [BMW, AUDI] . These developments have underlined the interest for haptics in cars. When using a force feedback button, different haptic patterns assigned to specific functions or areas within the menus of the HMI (Human Machine Interface) of be displayed. 
System design
The MR-Drive system (see figure 1.18) is composed of two magnetic poles facing each other (1), a coil around the central pole (2), a rare earth permanent magnet (3), all these parts are fixed to a frame (5). This architecture is defined as a permanent-electromagnet system. A thin cylinder (4) and a cap (6) are connected to the shaft (8) and guided by two bearings. A nitrile joint is used to prevent fluid leakage. The rotation angle is measured by an optical encoder (7). The thin cylinder rotates in the gap between the magnetic poles. This gap is filled with MR fluid.
www.intechopen.com Figure 20 shows the working principle of the MR-drive system. The shaft, that rotates when the system is actuated by the user, is linked to the cylinder. The cylinder rotates in the gap g between the two poles. The gap is 1 mm thick and it is filled with 4.5 cm 3 of MR fluid. The cylinder rotation shears the fluid into the gap which produces a resistant force tangent to the cylinder surface. The operating mode of the system is a variation of the thin plate shear mode presented in section 1.2. When the user turns the button, the cylinder rotates around its axis and shears the MR fluid into the gap, the magnetic poles remain static. Thereby the inertia of the moving parts is highly reduced. A current applied to the coil generates a magnetic field across the gap. The value and the current direction set in the coil can either cancel or reinforce the magnetic field established by the magnet. Both the inner and outer surfaces of the thin cylinder shear the MR fluid, therefore the active surface is larger which increases the maximum torque.
Magnetic Simulation and Torque Estimation
The fluid is sheared at a small rate by a thin cylinder. The MR fluid model presented in section 1.2 can be applied to describe this device operation. Lets dS be an elementary area of the cylinder defined by dS = dz x d0 where z is the vertical coordinate of the cylinder and 0 the circular coordinate. The magnetic circuit produces a magnetic field H assumed perpendicular to the surface dS. Under these conditions, the elementary torque is expressed as follows: (26) with the inner diameter of the cylinder. According to the model presented in 1.2.3, the yield stress is considered as a linear function of the magnetic field H. The magnetic circuit was designed to maintain the magnetic induction under the fluid saturation which validates the linear approximation for the relationship between the magnetic field and the magnetic flux density. We define the two constants and a s follows:
and (27) The normal magnetic flux density varies continuously along the two sides of the surface of the cylinder and it is a function of the vertical coordinate .
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Simulations are carried out with FEMM 2 software . The positive values of the current through the coil reinforce the magnetic field of the magnet whereas the negative ones cancel it. The normal magnetic flux density has been simulated for currents in the coil ranging from -1.2 A to 2 A. The permanent magnet placed in the central pole is 1.6 mm height and has a diameter of 25.4 mm. The minimum torque is obtained for a current of -0.44 A. The torque due to the presence of the magnet alone is 1.25 Nm and the maximum torque is expected over 5 Nm. Magnetic saturation of the material occurs for currents up to 1 A. Under -0.44 A, the magnetic field is inverted and the torque increases.
Experimental Results
An experimental setup (Figure 23 ) has been mounted to validate the simulations. A torque is applied to the shaft of the interface. The frame is mounted on a 6-degree of freedom force/torque sensor ATI mini40. The angular displacement of the shaft is measured with an optical encoder HEDS 5500. Data are recorded with Lab View software. Experimental results and simulation are close for positive values of the current. The maximum deviation does not exceed 8%. Discrepancies can be observed for negative values of the current. The current intensity required to reach the minimum torque is -0.8 A which is twice more than the results of the simulations. This deviation is probably due to high values of the magnetic flux density at the surface of the magnet that might not be supported by the electromagnetic simulation. Simulating the non linear behavior of materials at high magnetic field densities should explicitly be mentioned [LORD, 2002] . It is worth noting that the minimum and the maximum torques measured are respectively 0.03Nm and 5.25Nm. The ratio between and is 175.
Conclusion and future work
Magneto-rheological fluids exhibit an apparent viscosity that varies as a function of an external magnetic field. This property can be exploited to the dissipate mechanical energy applied by the operator. Thereby, MR fluids based systems have a semi-active behavior which makes them intrinsically stable. Moreover, their low response time make them appealing for human machine interaction. Current limitations concern mainly the moving parts inertia or friction needed for proofness. In order to reduce these limitations, a novel operating mode for magneto-rheological based systems is presented. This operating mode is based in shearing the MR fluid with a thin element (plate or cylinder). The thin element permits low inertia moving parts to increase the mechanical bandwidth while increasing the active surface thereby increasing the maximum force. Two application design using this novel approach are presented. The piano haptic interface which uses the operating mode in a linear configuration. The design allows high force range and quick response time needed to reproduce the traditional piano dynamical behavior. A novel haptic interface for musical keyboards has been presented in this paper, based on controlled damping by a magneto-rheological fluid in its direct shear mode:
• the standard shear mode principle with relative motion between poles was replaced by a slider (made of a thin plate) moving between the static poles in order to reduce overall size and to allow the implementation on a real keyboard,
• the fluid behavior in this shear mode was explored experimentally and a new model has been derived for the behavior of the fluid below the Bingham threshold. The analytical predictive model of the overall system was presented and implemented. The parameters influence on the global behavior has been studied and the critical parameters have been identified. Future work will address the physical nature of the rheological model below the Bingham threshold, the improvement of the measurement of the key motion in order to improve the accuracy of the predicted behavior of the interface. A real-time control scheme will be implemented. In order to avoid the use of a force sensor on each key, we will explore an open loop control approach, using a traditional piano dynamical model and the interface model. The Mr-drive system is a HMI for automotive applications. It exhibits high torque/volume ratio in comparison with traditional actuators and intrinsic stability. The design of a rotary interface based on magneto-rheological fluids has been presented. A thin cylinder that shears the fluid in a gap between two static poles minimizes the overall inertia. In addition, a permanent-electromagnet has been introduced to widen the output torque range. The ratio between the minimum and the maximum torque is 175. This ratio is far better than all what has been reported so far in the literature on MR brakes. Finite Element simulation and experimental measurements have been compared. The first results are promising and the application of the actuation principle to other haptic applications will be studied.
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